Transient receptor potential (TRP) cation channels are highly conserved, polymodal 2 sensors which respond to a wide variety of stimuli. Perhaps most notably, TRP channels 3 serve critical functions in nociception and pain. A growing body of evidence suggests that 4 TRPM (Melastatin) and TRPA (Ankyrin) thermal and electrophile sensitivities predate the 5 protostome-deuterostome split (>550 million years ago). However, TRPM and TRPA 6 channels are also thought to detect modified terpenes (e.g., menthol). Although terpenoids 7 like menthol are thought to be aversive and/or harmful to insects, mechanistic sensitivity 8 studies have been largely restricted to chordates. Furthermore, it is unknown if TRP-9 menthol sensing is as ancient as thermal and/or electrophile sensitivity. Combining genetic, 10 optical, electrophysiological, behavioural, and phylogenetic approaches, we tested the 11 hypothesis that insect TRP channels play a conserved role in menthol sensing. We found 12 that topical application of menthol to Drosophila melanogaster larvae elicits a Trpm-and 13 TrpA1-dependent nocifensive rolling behaviour, which requires activation of Class IV 14 nociceptor neurons. Further, in characterizing the evolution of TRP channels, we put forth 15 the hypotheses that 3 previously undescribed TRPM channel clades (basal, αTRPM, and 16 βTRPM), as well as TRPs with residues critical for menthol sensing, were present in 17 ancestral bilaterians. 18 19 20
Introduction
evoked rolling requires CIV activation. In order to assess activation patterns in vivo, the 226 GAL4-UAS system was used to drive neuronal expression of CaMPARI [79], a genetically 227 encoded Ca 2+ indicator. Live, freely behaving transgenic animals were exposed to menthol 228 or vehicle, as above. The level of CIV neural activation was assessed post-hoc, in live 229 animals, as a green-to-red shift in CaMPARI fluorescence, which occurs in the presence of 230 violet light as a function of increases in intracellular Ca 2+ concentration. CaMPARI analyses 231 revealed significant activation of CIV nociceptors in response to menthol, relative to vehicle 232 control ( Figure 3A) . To directly assess menthol-evoked activation of CIV neurons, we 233 performed single-unit electrophysiological recordings of CIV neurons. Electrophysiological 234 recordings demonstrate that superfusion of menthol significantly increases spike frequency 235 in CIV neurons relative to controls (Figure 3B) . 236 In order to test the necessity of CIV neurons for menthol-evoked rolling, genetically 237 encoded active tetanus toxin (TNT) was used to block synaptic transmission in CIV 238 neurons. GAL4 ppk -driven, CIV-specific expression of TNT completely ablated menthol-239 evoked rolling (Figure 4) . 240 In light of TRP mutant and CIV TNT phenotypes, we hypothesized that menthol-241 evoked behaviour may be dependent on TrpA1 and/or Trpm function in CIV nociceptors. 242 We previously demonstrated that TrpA1 and Trpm transcripts are detectibly expressed in 243 CIV nociceptors ([80], GEO: GSE46154). Consistent with these data, CIV-targeted, RNAi-244 mediated knockdown of Trpm or TrpA1 strongly inhibited menthol-evoked rolling (Figure 4) , 245 supporting a functional role for these TRP channels in CIV-mediated menthol sensing. A number of specific amino acid residues have been associated with menthol 250 sensitivity in mammalian TRPM [12, 14, 16, 19, 20] and TRPA [31] channels. Phylogenetic 251 and sequence analyses were performed in order to assess how well conserved these 252 residues are across taxa, and to infer their evolutionary history. The amino acid sequences 253 for 69 TRPM channels and 56 TRPA channels (Table S1) were used to generate 254 phylogenetic trees by both Bayesian and maximum likelihood approaches. Trees were 255 constructed using previously and newly characterized TRP sequences across a variety of 256 metazoan species, with a chaonoflagellate (Monosiga brevicollis) outgroup ( Figure 5A) . 257 Both methods produced trees with largely consistent topologies (Figures S1-S4) . 258 It has been previously noted that several species express TRPM-like channels which 259 cluster independent of, or differ greatly from, other chordate and/or insect TRPMs [28, 52, is clear, however, is that the TRPA1 clade predates the protostome-deuterostome split.
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Previous work has shown that the TRPA1 pore region is important to mammalian 291 menthol sensitivity. Serine and threonine residues in TM5 are thought to be most critical to 292 menthol sensitivity (Figure 5E, black Ancestral Bilaterian 
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